Ains-The age-related changes in the biochemical composition of the collagenous matrix of the human lamina cribrosa were investigated. Methods-An age range (3 weeks to 92 years old) of human laminae cribrosae, dissected free of any surrounding structures which contained collagen, were analysed for collagen solubility (n= 58) total collagen content (n=46), proportion of collagen types (n=38), and collagen cross linking (n=30), using hydroxyproline analysis, scanning densitometry of peptides after cyanogen bromide digestion, and high performance liquid chromatography, respectively. Results-Age-related changes included an increase in total collagen and a decrease in the proportion of type III collagen within the lamina cribrosa. The collagen cross link pyridinoline was present at low levels, but demonstrated no trend with age. An age-related increase was found in pentosidine, an advanced glycation product. Conclusion-These changes in collagen composition imply that the mechanical properties of the lamina cribrosa are altered, resulting in a stiffer, less resilient structure with age. Such alterations in structure may contribute to the increased susceptibility of the elderly to axonal damage in chronic open angle glaucoma. (Br_7 Ophthalmol 1995; 79: 368-375) 
Chronic open angle glaucoma (COAG) is an optic neuropathy characterised by axonal damage and retinal ganglion cell death, accompanied by optic disc cupping and a characteristic pattern of visual field loss. COAG is frequently associated with an increased intraocular pressure although low tension glaucoma is a well recognised condition. ' The causes of glaucoma whether genetically or environmentally determined appear to be multifactorial.
Theories as to the pathogenesis of primary open angle glaucoma can be divided between those that invoke the direct and indirect effects of intraocular pressure and those that invoke a vasogenic cause. 2 The structure of the lamina cribrosa may be particularly relevant in the former case.
There is significant evidence that raised intraocular pressure is important in the development of glaucomatous optic nerve damage. 3 The regional differences in the architecture of the lamina cribrosa, with the greater pore size and less dense connective tissue in the superior and inferior regions of the lamina cribrosa4 5 appear to correlate with the development of inferior and superior arcuate field loss in glaucoma and the relative preservation of nasal and temporal fibres representing temporal and central field loss, respectively. 6 Changes observed in the lamina cribrosa in COAG include compression of the lamina plates, posterior rotation of the peripheral lamina cribrosa,7 and elongation of the lamina pores.8
Immunohistochemical and electron microscopy studies of the connective tissue components in normal, 9 10 aging," and glaucomatousl2-14 eyes, have identified types I, III, IV, V, and VI collagen and elastin in the lamina cribrosa. Studies on numerous tissues have shown collagen types I and III to be the major structural fibrillar components of stromal extracellular matrices. Type IV collagen is a ubiquitous component of basement membranes and the filamentous types V15 and VI16 connect the fibrillar collagens to surrounding connective tissue structures. Therefore the components which constitute the extracellular matrix of the lamina cribrosa provide an essential complementary supportive structure.
Age is an important risk factor in glaucoma. '7 During the aging process, collagen types I, III, IV, and V, and the thickness of elastic fibres appear to increase within the cores of the cribriform plates. "I In glaucoma, type VI collagen increases within the cribriform plates and the basement membranes extend into the nerve bundles.'2 A decrease in fibrillar collagens'3 and disorganisation of elastic fibres within the core of the cribriform plates and loss at the region of insertion, together with an accumulation of bundles of microfibrils also occurs.14 Changes in the support matrix of the lamina cribrosa will alter its mechanical properties and therefore its ability to support the axons. In aging and COAG, compositional alterations in structure may contribute to optic disc cupping and susceptibility to nerve fibre damage which results in visual field loss and eventual blindness.
No attempt has been made to quantitate the changes in collagen which may predispose elderly eyes to glaucomatous damage. Therefore the present study was undertaken to determine and quantify the biochemical changes of collagen in the lamina cribrosa with age. Freeze dried laminae cribrosae were delipidated as above and treated with dithiothreitol (DTT) in 0 1 M TRIS buffer pH 8-0 containing 50 mM NaCl and 5 mM MgCl2 for 1 hour at room temperature. After rinsing in deionised water, collagen was solubilised using CNBr as above.'9 The undigested tissue containing insoluble collagen was separated from the solubilised collagen in the acid fraction and both fractions were freeze dried to remove excess CNBr and acid. The fractions were then hydrolysed and analysed for hydroxyproline as above. 18
ANALYSIS OF COLLAGEN CROSS LINKS
There are two major groups of collagen cross links: those initiated by the enzyme lysyl oxidase and those derived from non-enzymatic glycosylation of lysine and hydroxylysine residues. Two major products in mature connective tissues include hydroxylysyl pyridinoline (HP) and pentosidine respectively.
Freeze dried, delipidated laminae cribrosae were hydrolysed in 6 M HCl as above. After freeze drying, the hydrolysate was rehydrated in 1 ml of deionised water. An aliquot was taken for hydroxyproline analysis'7 to determine amount of collagen in the sample and the remainder was freeze dried. Before analysis, it was redissolved in 100 jil deionised water containing 10% heptafluorobutyric acid (HFBA) and filtered through a 0-2 ,um filter (Gelman Sciences, Northampton) into high performance liquid chromatography (HPLC) ampoules.
The samples were analysed by reverse phase HPLC using a modification of the method of Eyre et al. 22 Each sample was chromatographed using a 150X4 6 mm Spherisorb S3 ODS column (Phase Separations Ltd, Deeside, Clwyd, North Wales). The cross linking amino acids hydroxylysyl pyridinoline and pentosidine were eluted isocratically using 18% and 30% acetonitrile respectively in deionised water containing 0 05 M HFBA. The natural fluorescence of pentosidine and hydroxylysylpyrinoline was detected using a Perkin-Elmer fluorimeter at excitation/emission wavelength maxima of 335/385 nm and 295/405 nm respectively.
STATISTICAL ANALYSIS
Spearmen's rank correlation was used to test the tendency of values of Y (that is, % collagen, O/o type III collagen, % solubilisation, hydroxylysyl pyridinoline, pentosidine) to increase (or decrease) as values of X (age) increase.
Results

ISOLATION OF LAMINA CRIBROSA
Immunolocalisation of collagen types The distribution of collagen related immunofluorescence detected by the conventional epifluorescence microscopy was similar to that detected by the confocal laser scanning microscope. The lamina cribrosa stained positive when probed with antibodies against human collagen types I, III, IV, V, and VI as demonstrated in Figures la-e, and negative against human type II collagen antibody (not shown).
Immunofluorescence for types I (Fig la) , III (Fig lb) , and V (Fig lc) collagen appeared to codistribute in the walls of the central retinal vessels, the peripheral sclera surrounding the lamina cribrosa, and in the connective tissue surrounding the nerve fibre bundles. Strong staining for type III collagen was observed surrounding the central retinal vessels in contrast with the more limited staining of type V collagen in this location. This is consistent with other published work which suggests that individual banded collagen fibres of most noncartilaginous tissues contain both collagen types I and III.23 Collagen types I and V are also thought to form heterotypic fibres in some tissues -for example, collagen type V is thought to have a role, in part, in the regulation of collagen fibril diameter in the cornea. 24 Type IV collagen staining differed from that of the fibrillar collagens; negative for the peripheral sclera, positive for the basement membranes of the astroglial cells surrounding the nerve fibre bundles and the endothelial cells lining the central retinal vessels (Fig ld) . More sparse staining was identified within the cribriform plates (Fig 1 d) . Type VI collagen was identified throughout the lamina cribrosa, in the peripheral sclera and in the walls of the central retinal vessels (Fig le) .
Dissection procedure Owing to the presence of several collagen types in the central retinal vessels and sclera, confirmed by our immunohistochemical results, a method was developed to dissect the lamina cribrosa away from these tissues and the underlying optic nerve.
Portions of the sclera and optic nerve were
Changes in the coUlagenous matrix of the aging human lamina cribrosa Hernandez et al 9 also found type IV colla within the cribriform plates and its pres has also been detected in other non-basen membrane tissues including mouse cor stroma, human placenta, fetal membranes, human lymph nodes. matrix of the lamina cribrosa is altered during the aging process so that complete solubilisaal fibrillar collagen and are responsible for tion is prevented. CNBr cleaves collagen into tensile properties of the tissues they consti-peptides by attacking the C-terminus of e. Diameters of type I collagen fibrils are methionine residues in the reduced state. Prior Lieved to be regulated by the presence of type reduction of methionine residues using 5 mM collagen and also pNIII collagen (type III DTT did not increase the degree of solubilisalagen with the N-terminus propeptide still tion indicating that the decreased collagen ached).27 Type I fibrils are larger and less solubility is not due to an age-related increase Kible than those formed by mixtures of types in oxidised methionine and therefore may be nd III or type III alone. Therefore it is not attributed to increased cross linking. prising that type III collagen is usually Hydroxylysyl pyridinoline (HP) is a mature md in extensible, flexible tissues such as in collagen cross link derived from those initiated al tissue, lungs, skin, and blood vessels. 28 by the enzyme lysyl oxidase. 35 Other mature [n the lamina cribrosa, type III as a percent-collagen cross links include lysyl pyridinoline, of total fibrous collagen decreased linearly which is not present in the lamina cribrosa, and m 23% to 3% between the ages of 3 weeks histidinohydroxylysinonorleucine. Lysyl pyri-1 96 years. The altered type III to I ratio dinoline is found mainly in bone and dentinê ees with the suggestion by Morrison et al collagen, whereas the latter is present in skin, it the predominance of type III in immature sclera, and cornea. 35 We were unable to ainae cribrosae is replaced by an increase identify the presence of histidinohydroxylysitype I collagen in adults.26 In contrast, nonorleucine and the immature collagen cross rnandez et all demonstrated an age-related links: dehydrohydroxylysinonorleucine and :rease in labelling for type III collagen, with hydroxylysino-keto-norleucine because of the y little labelling in young laminae cribrosae. small sample size, which is a major limitation lis may be due to masking of the type III col-for analysis. The natural fluorescence of the ;en epitopes recognised by this antibody, by pyridinolines and pentosidines increases the ier constituents of the extracellular matrix level of sensitivity for analysis which facilitates young laminae cribrosae, such as pro-their detection. iglycans. Indeed, Sawaguchi et a129 have Levels of HP demonstrated no significant monstrated an age-related decline in chon-variation with age in laminae cribrosae, but itin/dermatan sulphate proteoglycans and persisted throughout life, indicating that any our laboratory, biochemical analyses have age-related changes in solubility or physical ,ealed a higher level of sulphated glyco-properties are unlikely to be attributed to levels ninoglycans in young human laminae of HP alone. The levels of HP in the lamina brosae especially those aged between 0 and cribrosa were relatively low, suggesting that years (unpublished data).
other mature collagen cross links may be present.
In the human lamina cribrosa, an agerelated increase in pentosidine was demon- In conclusion, biochemical alterations in the collagenous matrix of the aging lamina cribrosa -that is, age-related increases in total collagen and pentosidine and a decrease in type III collagen, are consistent with our observations of the change in mechanical properties with age, which indicate a reduced compliance and increased rigidity.41 42 In infants, glaucomatous optic disc cupping is reversible, [32] [33] [34] whereas in adults the optic disc cupping is rarely reversible.43 This is consistent with our biochemical findings in suggesting that the young lamina cribrosa is a more resilient and compliant structure.
Misalignment of the cribriform plates of the lamina cribrosa occurs in glaucomatous optic neuropathy. The more rigid plates of the elderly will create larger forces on the nerve fibre bundles than those in the compliant plates of the young lamina cribrosa, thus increasing the susceptibility of axons to damage.
Further investigation is needed to determine whether the connective tissue in the glaucoma- 
History of ophthalmology
The discovery of accommodation
The story of accommodation was pieced together over three centuries, by workers using only the most basic investigative tools. Knives, paper, muslin, candles, and blunt instruments are the only materials used in the experiments described below.
To set the scene, Aristotle and Galen had dissected animal and human eyes. From their drawings the basic anatomy of the globe and lens were common knowledge. Telescopes and the need to focus them had also been discovered. From this arises a first principle of optics: to vary focus, either the dioptric power or the length of an eyeball/telescope must change.
In 1-619, Scheiner published the results of an experiment proving that the eyes' dioptric power changes. Observing a near object through a paper screen with two tiny holes close together, the object is single. But focusing on any far object, the near object becomes double. Although Scheiner's conclusion was valid, it was disputed.
Some believed that the eyeballs focused by changing their length, elongating and shortening within the socket at need. This was refuted beautifully by Thomas Young in 1801. Young noted that a blunt object pressed on the posterior part of his eyeball produced a scotoma, which increased in size on increasing the pressure. Doing this during accommodation, Young saw no increase in scotoma, and concluded that the bar did not press more deeply on the back of the globe, therefore the eye could not have lengthened. Because he published his results in Philosophical Transactions, ophthalmologists took little notice.
Others accepted that the lens was involved in accommodation, but thought it changed its position within the globe. Many denied that accommodation took place at all. Haller, in 1743, asserted that the pupillary constriction seen on converging for near objects in some way altered the depth of focus, and that no other explanation was required.
The controversy persisted. Donders, publishing his book on accommodation around 1860, found it necessary to stress his own version of Scheiner's experiment. This involved holding a veil some inches from the eye, and an open book at greater distance. Either the texture of the veil, or the print could be seen accurately, but not both at once. 'Ergo, accommodation must exist,' reasoned Donders.
To appreciate the first proof that it resides in a change of form in the lens, an experiment performed in 1823 must be considered. Purkinje looked at the reflection of candlelight in someone's eyes and noted three reflected images. One was large, one small, and one inverted, and he correctly attributed them to reflection off the cornea, and the anterior and posterior surfaces of the lens.
This was initially applied to the diagnosis of cataract, but in 1849, Langenbeck realised that the images reflected from the lens could be used to investigate accommodation. Langenbeck published the right result in the wrong journal and was ignored. Thus it was left to Cramer to promulgate the following findings -that, holding a flame in front of an eye, the image reflected from the anterior lens surface becomes smaller when the subject accommodates. For the image to become smaller, the surface must increase in convexity. Therefore, the lens does change shape in accommodation. Helmholtz went a step further in noting that the image reflected from the posterior lens surface also changes, therefore that surface also increases in convexity.
The controversy lasted into the 1960s, when textbooks quoted two rival theories of accommodation. Helmholtz believed that ciliary muscle contraction relaxed the zonule, whereupon the elastic lens became more curved.
Tscherning believed that contraction tensed the zonule, which compressed the lens capsule to increase its curvature. Both theories depended on the lens being elastic, which was accepted by Donders in 1860, and confirmed in rabbits' eyes by Kikawa in 1963.
The acceptance of Helmholtz's theory over the next years ends the story, but the initial discoveries (that accommodation exists, involves the lens, and that the lens changes shape), made with the aid of such simple materials, make a very impressive tale of deductive reasoning.
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